The widespread use of RE-Ba-Cu-O [(RE)BCO] bulk superconductors, where RE=Y, Gd or Sm, in practical applications requires large single grains that exhibit uniform superconducting properties. Until recently, however, it was difficult to grow successfully YBCO-Ag bulk materials in the required single grain form, due primarily to the relative complexity of the top seeded melt growth process (TSMG) and the introduction of an alloying element (Ag) to the precursor composition. In most cases, alloying elements are used to improve the mechanical properties of the bulk superconductor whilst, at the same time, aim to cause minimal detrimental effect on the superconducting properties of the fully processed sample. In this work we investigate the effect of the addition of silver to YBCO on the superconducting properties of the bulk single grain, including trapped field, Tc and Jc, and on the sample microstructure.
Introduction
Single grain RE-Ba-Cu-O [(RE)BCO] bulk high temperature superconductors, where RE = Y, Gd or Sm, are able to trap significantly larger magnetic fields than those generated by permanent magnets [1, 2] . This enables this unique class of material to find practical application in a wide range of technologies, including Maglev trains, energy storage systems, rotating electrical machines and trapped flux devices [3] [4] [5] .
(RE)BCO bulk superconductors are inherently brittle in nature (they are often described as ceramic-like), with their poor mechanical properties typically limiting the extent to which their superconducting properties can be exploited, especially at high fields [6, 7] . The addition of silver to (RE)BCO improves significantly the fracture toughness and bending strength of the bulk sample [8] [9] [10] and, unlike many other alloying elements, does not appear to degrade the superconducting properties of the single grain [11] [12] [13] .
(RE)BCO superconductors for practical applications must be produced in the form of single grains to avoid the formation of grain boundaries, which strongly suppress critical current [14, 15] , and limit severely the ability of this material to generate large magnetic fields. Following significant research over the past thirty years on the fabrication of (RE)BCO in the form of large single grains [16, 17] , the so-called top seeded melt growth technique (TSMG) is now used routinely to fabricate large single grains of a wide range of (RE)BCO bulk superconductor compositions [14, 18] . This process involves heating the compacted precursor powder to the peritectic decomposition temperature to enable the superconducting YBa2Cu3O7-δ (Y-123) phase to decompose into a secondary, non-superconducting Y2BaCuO5 (Y-211) solid phase and a residual Ba-Cu-O liquid phase. Slow, controlled undercooling in the presence of a suitable solid seed crystal then enables the nucleation and growth of a large single grain consisting of a continuous, superconducting Y-123 phase matrix containing a distribution of discrete, non-superconducting embedded Y-211 phase inclusions [14, 19] .
Although the TSMG technique is one of the simplest fabrication techniques for these materials, it is based on the optimisation of many inter-dependent processing parameters and variables. In consequence, the addition of alloying elements complicates greatly the determination of the optimum processing conditions, and, indeed, whether or not a single grain can be grown successfully at all. The addition of silver changes the peritectic decomposition temperature of the precursor composition, although the element itself is, however, very stable chemically within the Y-123 phase matrix [20] . Recent developments in melt processing have led to the ability to grow large single grains of YBCO-Ag reliably and reproducibly. In order for these single grains to be of practical use, however, their superconducting properties must be of a comparable standard to those of standard YBCO fabricated by TSMG.
We report the use of liquid-phase enriched TSMG technique [21] of the samples. These data have, in turn, been compared with the microstructure and distribution of silver, where relevant, in order to establish the effect of silver and the microstructural features on the observed superconducting properties of the single grain in an attempt to identify the significance of the addition of this alloying element to the TSMG process.
Experimental Method

Sample fabrication
Four samples of YBCO of standard composition were grown by TSMG. Precursor powder was prepared from a mixture of 99.9% purity powders of Y-123:Y-211:CeO2 in a mass ratio of 150:50:1. Pellets were pressed uniaxially from 46 g of precursor powder using a 30 mm diameter die. The curved edges and the bases of the cylindrical pellets were painted with a Yb2O3 paste and placed onto ZrO2 rods on a ceramic plate. A buffer pellet [23] [24] [25] [26] pressed uniaxially from 0.15g of precursor powder in a 5 mm diameter cylindrical die was placed at the centre of the top surface of each powder pellet, with a generic seed [27] placed, in turn, at the centre of the upper surface of the buffer pellet. Each sample was heated in a box furnace according to the heating profile shown in figure 1b.
Four samples of YBCO-Ag were grown by a liquid phase enriched TSMG technique [22] . Precursor powder was prepared from a mixture of 99.9% purity powders of Y-123:Y-211:CeO2:Ag2O in a mass ratio of 150:50:1:20. A liquid-phase-rich powder prepared from Yb2O3:Ba3Cu5O8:BaO2 in the ratio 5.0:5.6:1.0 was calcined at 850 °C for 5 hours. Powder pellets consisting of a 4.62 g layer of liquid-rich powder located below 46 g of silver-containing precursor powder were pressed uniaxially in a 30 mm diameter die. Painting of the sample edges and assembly of the buffer layer and generic seed crystal was carried out as described above for the sample processed without Ag. The assembly was heated according to the heating profile in figure 1a .
All samples were annealed in a tube furnace in an oxygen-rich atmosphere following melt processing. The samples were held at 450 °C for 8 days to enable the Y-123 matrix to transform fully from a tetragonal structure to a superconducting orthorhombic structure.
Measurement of superconducting properties
The top and base of each as-processed sample was polished flat and parallel. The maximum trapped magnetic field at the top and bottom surfaces was measured using a hand held Hall probe positioned 0.5 mm from the surface following field cooling at 77 K in an applied magnetic field of 1.4 T. Trapped field profiles across the top and bottom surfaces of each single grain were measured using a rotating array of 20 Hall probes at a distance 1.0 ± 0.5 mm above the surface of each sample.
The four samples of YBCO and four samples of YBCO-Ag were cut in half along a diameter to expose a rectangular cross sectional area. A further slice was cut from one of each type of sample, chosen at random, and then divided further into sub-specimens of approximate dimensions 1.5 mm x 2.0 mm x 1.2 mm, as shown schematically figure 2. The magnetic moment of each sample was measured using a SQUID (superconducting magnetic interference device) magnetometer (Quantum Design MPMS XL). The value of Tc was established directly from the measured data at a constant magnetic field of 1.6x10 3 A/m and the value of Jc at 77 K was derived from the magnetic hysteresis loops using the extended Bean model [28] .
Microstructure and composition analysis
One half of the single grain samples was polished for microstructural evaluation. The samples were imaged using an optical microscope at 50 x magnification in order to view the pore and, where relevant, silver distribution within the bulk microstructure. Images were taken at 1 mm intervals along the central c-axis. ImageJ software [29] was used to determine the area fraction occupied by pores and, where relevant, silver agglomerates for each image. The colour threshold was adjusted to highlight the pores or silver agglomerates in a given image, with the "analyze particles" tool used to collect data on the size and area of the image occupied by these pores or agglomerates. Images were taken at intervals corresponding approximately to the location of the centre of each of the sub-specimens from the other half of the same sample used to measure Tc and Jc.
Results and discussion
Superconducting properties
All samples exhibited a trapped field profile with a single peak and a smooth, continuously decreasing radial field gradient, characteristic of a single grain sample. The average maximum trapped field and the maximum variation in trapped field between each sample is shown in figure 3 . The average maximum trapped fields are almost identical for both sets of samples. There is, however, a greater variation in the range of maximum trapped field for YBCO-Ag than for YBCO, with the maximum trapped field at the top of one of the YBCO-Ag samples being 0.052 T higher than the absolute maximum trapped field recorded at the top of any of the standard YBCO samples.
The values of onset Tc were measured for sub-specimens along the central c-axis, numbered as shown in figure 2, and the ∆T value calculated (i.e. the temperature range over which the magnetic moment reduces by 90%, and hence a measure of the sharpness of transition). The values of Tc and ∆T are shown in Table 1 . The value of Tc was a minimum of 0.2 K higher in the YBCO-Ag sample than in the YBCO sample for every corresponding subspecimen. The transition to the superconducting state was also sharper for sub-specimens of YBCO-Ag than YBCO, with the exception of 2 equivalent samples.
The Tc values from each sub-specimen within each sample are very similar; these range between 91.0 K and 91.5 K or 91.5 K and 92.0 K in the YBCO and YBCO-Ag samples respectively. In addition the transition to superconducting (given by ∆T) is very sharp for all sub-specimens with the exception of the two sub-specimen fives. All sub-specimens, except these two, have a ∆T value of below 1.9 K.
The values of Jc(0) for each sub-specimen are shown in Table 1 . The initial part of each Jc -B curve is approximately linear, which is why the Jc(0) value has been recorded, as shown in figure 5 . The highest value of Jc(0) occurs at the centre of each sample, with the largest overall maximum observed in the YBCO-Ag sample. The values of Jc from each sub-specimen are very different, even for sub-specimens from the same sample. This value is generally found to vary between locations within the same sample. In addition, sub-specimens 1-3 of YBCO-Ag exhibit significantly higher values of Jc(0) than those of the corresponding sub-specimens of YBCO. However, the values of Jc measured at the base of the samples were significantly and consistently higher in the YBCO sub-specimens.
Microstructural analysis
The central c-axis of each half single grain was imaged at 50 x magnification at intervals of 1 mm. Images were also taken at locations corresponding approximately to the centres of the sub-specimens cut from the figure 4 . The black, circular regions in these images correspond to pores, the black lines to cracks, the light yellow region to the Y-123 matrix containing Y-211 agglomerates and the bright yellow regions in the YBCO-Ag sample to silver agglomerates. These images show that the YBCO sample contains a much larger concentration of pores and cracks than the YBCO-Ag sample (this was observed consistently for all 8 samples). The distribution of pores and silver is very similar from sample-tosample of the same type. The distribution and size of the silver agglomerates vary along the c-axis of the YBCOAg samples, with both large and small agglomerates present within the same image. The shape of the silver agglomerates and their proximity to pores indicates clearly that some of the Ag fills some of the pores. The area fraction occupied by pores and silver in each of these images is shown in figure 6 . There is a large variation in the porosity and a much larger fraction of area occupied by pores in the YBCO sample compared to the YBCO-Ag sample. This provides further evidence that the silver does, indeed, fill some of the pores. Figure 6 shows the porosity and, where relevant, the silver distribution corresponding approximately to the location of each sub-specimen. These graphs confirm that the porosity is higher in the YBCO samples than in the YBCO-Ag samples. It is a concern that addition of silver may increase the proportion of the nonsuperconducting material present, given that neither the silver nor the pore regions are superconducting, and hence reduce Jc and trapped field. However, the average of the area occupied by silver and pores combined across the 6 locations in the YBCO-Ag sample was 12.5 % (this was calculated by summing the average area occupied by pores and the average area occupied by silver in each individual image and then finding the average percentage across all six images), whereas in the YBCO sample the average total area occupied by pores was slightly lower at 9.6 %. These averages include both cracks and pores and, where relevant, all sizes of silver agglomerates, therefore, if there are large cracks present in one image or a large area fraction of pores or silver agglomerates these values will be affected significantly by the particular image in question. The total area fraction occupied by these non-superconducting regions does not seem to correlate with the Jc value for any given sub-specimen. 
Relation between composition and superconducting properties
Conclusions
It has been demonstrated that the addition of silver to the YBCO system does not have a detrimental effect on the superconducting properties of single grains grown by the TSMG processing technique. YBCO-Ag single grains exhibit superconducting properties that are at least comparable to those of standard YBCO single grains, with the additional potential of improved mechanical properties. The trapped field properties of the YBCO-Ag single grains were higher in all cases, exhibiting the highest Jc and Tc and the sharpest transition to the superconducting state. In addition, the effect of the microstructure and the addition of silver have been studied and the relationship between Jc and porosity and silver content observed. Silver has been observed to fill many of the pores, which would have otherwise have been present in a standard YBCO single grain sample. The absence of any degradation in the superconducting properties of the YBCO system when Ag is added to the precursor composition suggests that this alloying element can lead to an improvement in the potential of YBCOAg for use in practical applications. 
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